Cross sectional structures of surface blisters and their precursors in SiC formed by H þ , D þ and He þ irradiation were examined with transmission electron microscopy and electron energy-loss spectroscopy. The substructures of the H þ -and D þ -irradiated samples showed similar features, and experimental results suggested that H 2 and CH 4 bubbles nucleated after H(D)-trapping sites were saturated and the first nucleated bubbles grew by absorbing the gas molecules formed by further ion irradiation, followed by lift-up of the surface layer with increasing the internal pressure. The implanted hydrogen atoms other than those forming bubbles were scattered in atomic form, preferably bonded to carbon atoms. On the other hand the substructure of He þ irradiated sample was very similar to that of metals and other materials irradiated by He þ , and it is considered that the formation mechanism of He-blister is common for most materials.
Introduction
It has been believed that large plastic deformation is not so easy in covalent and ionic bonded materials such as elemental semiconductors and ceramic insulators. Superplasticity was found in sintered polycrystalline ceramic materials, but it is mainly caused by the deformation of amorphous intergrain boundary layers. [1] [2] [3] Blistering on materials surface is another example of large plastic deformation occurring in the above non-ductile materials. We developed 'grazing incidence electron microscopy' (GIEM) for non-destructive structural analysis of surface protrusions, 4) and we have applied this method to observation of the surface blistering phenomena in covalent bonded nonductile materials. [5] [6] [7] [8] The method was particularly suitable for structural analysis of blisters because of their hollow structure with thin outer walls transparent for the incident electron. This clarified the structural differences between the blisters on Si and SiC surfaces irradiated by H þ , D þ and He þ : in most cases except blisters in Si irradiated by H þ the blister skin structure are amorphous. Hence the large plastic flow associated with the blistering may take place by the same mechanism as that in fine-grain polycrystalline ceramics.
The ultimate goal of this study can be to clarify the atomistic mechanism of the large plastic flow in the blistering phenomena. For this purpose the defect evolution underlying the specimen surface should be observed in detail. GIEM has actually contributed much to the structural analysis of blister skins, though the substructure of the sample underneath the protruded domes and/or before the blisters are formed has to be examined. We have thus made up our mind to carry out cross-section TEM (XTEM) observation of the target materials irradiated at a number of doses. A part of results on Si are already reported in Ref. 9 ). In the present paper the results on SiC are reported.
Experimental Procedures
The sample used in the present study was a commercially available h0001i-oriented 6H-SiC wafer (Cree Inc.), one side of that was electrochemically polished. The wafer was cut into rectangular parallelepiped blocks of 2 mm Â 1 mm Â 1 mm. Each block was mounted on a single-hole gird with the shiny side edge-on to the center of the grid. The shiny polished side of the samples was irradiated with H þ , D þ and He þ ions at room temperature. The ion energies were respectively selected to be 16, 12 and 19 keV for H þ , D þ and He þ irradiation to provide nearly the same implantation depth ($230 nm) as the previous studies on Si.
5) The depth distributions of ions and formed Frenkel pairs were calculated with a Monte Carlo code, SRIM 10) (The Stopping and Range of Ions in Matter), as shown in Figs. 1(a) and (b).
Cross-section samples were prepared by the conventional method:
11) the irradiated sample was cut into two, both of which were pasted together face-to-face with epoxy glue. Then the pasted slab was sectioned such that one can see the damaged layers and the sectioned sample strips were mechanically polished down to about 0.1 mm, dimpled in the center, and finally perforated by Ar ion milling at an accelerating voltage of 4 kV and an incident angle of 15 degrees.
Transmission electron microscope (TEM) observation and electron energy-loss spectroscopy (EELS) measurements were carried out using Jeol JEM-200CX equipped with Gatan Digi-PEELS model 766. Energy-filtering (EF) TEM observation was also carried out with Jeol JEM-3000F equipped with a field emission type electron gun and a Gatan imaging filter (GIF). A zero-loss image was obtained by selecting the zero-loss (elastically scattered) peak at the energy-loss dispersion plane with the energy-selecting slit (slit width $10 eV). Elemental mapping was done by the conventional three-window method, 12) using the energyabsorption edge of the element of interest: the two energy windows adjacent to each other can be used to evaluate the background parameters A and r (assuming a background of the form AE Àr ), from which the background contribution to the post edge image can be calculated. The estimated background image is subtracted from the post-edge image to obtain the final elemental distribution image. In the present study the positions and slit widths were selected so as to obtain the best contrast in the final image, by trial and error base.
Results

H-and D-blisters
In the case of SiC, both H-and D-blisters exhibit similar structural features, presumably because the plastic deformation starts after the matrix is completely amorphized, and the difference in the nuclear stopping between He þ and D þ plays little role in the blistering process, unlike the case of silicon. 5, 9) The evolution of internal structure with irradiation dose is shown in Figs. 2(a)-(c): the matrix is completely amorphized from the top surface to the end-of-range before small bubbles are formed, as shown in (a). Spherical bubbles are nucleated around the implantation depth and the first nucleated bubbles in (b) seem to grow by further irradiation. Note that the shape of the large openings is vertically elongated rather than spherical shape and cracks are running parallel to the surface along the certain depth in the thin walls separating the openings. This suggests that the large bubbles (openings) grew upward rather quickly by the rapid increase of internal gas pressure.
Energy-filtered cross-sectional images of fully grown H-blisters (fluence = 4:0 Â 10 22 cm À2 ) are shown in Figs.
3(a)-(d).
The zero-loss image in (a) reveals that the structure of matrix over the 400 nm range from the surface is amorphous, as already clarified by GIEM imaging. 8) There are two distinct features in the image: (i) large openings are observed along the implantation depth ($230 nm) and no small bubbles are distributed in depth except this certain depth. (ii) The top layer ranging from the surface to the 100 nm depth exhibits a darker contrast than the deeper area.
It should be also noted that the top layer shows the darker contrast before the bubble formation, as shown in Fig. 2(a) . The energy filtered images shown in Figs. 3(c) and (d) suggest that the contrast is not attributed to segregation of either constituent element (Si or C). Another possibility is the thickness difference, and actually Fig. 3(b) (thickness distribution image) indicates that the dark top layer is slightly thicker than that of the bright area. However, the thickness image reveals the projected sample thickness in units of the electron mean free path for inelastic scattering (plasmon excitation), 6, 12) , and the slight contrast in Fig.  3(b) is likely attributed to the change in associated with the change in valence electron density, rather than the real thickness change, as discussed below.
In Fig. 4 are shown the first bulk plasmon peaks from the respective areas of interest marked in Fig. 3(a) , and those from crystalline SiC and amorphous SiC formed by Heirradiation are also shown for reference. It was reported 13) that the plasmon energy is reduced by amorphization because of the volume swelling and this reduces the plasmon energy through the reduction of valence electron density. The plasmon energy from the area surrounding the large D-or H-bubbles having the brighter contrast exhibits even smaller than that from amorphous SiC significantly, as shown in Fig. 4 . We assume that the anomalously brighter contrast and lower plasmon energy in that area is ascribed to the high density of hydrogen (deuterium) atoms distributed in an atomic form, presumably terminating the unsaturated bonds of Si and/or C atoms, which reduces the density of valence electrons of SiC contributing to the plasmon excitation.
To confirm this assumption, the intense electron beam was focused on an area across the boundary between the dark and bright contrasts to raise the local temperature, the result of which is shown in Figs. 5(a) and (b) . The change in plasmon energy before and after the electron irradiation is also shown in Fig. 6 . Figure 5 (b) clearly shows that small bubbles are formed in the irradiated area but the brighter contrast side only. In addition, the plasmon peak before the electron irradiation (solid line in Fig. 6 ) fits well with a single Laurentzian peak, which suggests that the area consists of a single phase. After the electron irradiation the plasmon peak exhibits asymmetric shape and the difference spectrum between the two shows a broad feature peaked around 13 eV and 21 eV, as shown by the broken line in Fig. 6 . The former broad peak should correspond to the excitation of 1s electrons of H 2 (D 2 ) molecules precipitated as the bubbles.
The latter indicates that the bulk plasmon peak is restored to the value of the simple amorphous phase by the release of hydrogen.
Energy-filtered images are shown in Figs. 7(a)-(c), where (a) is the zero-loss image and (b) and (c) were taken with the energy slit of 3 eV width positioned at 15 eV and 21 eV respectively. The area with brighter contrast in (a) appears bright in (b), while that with darker contrast in (a) bright in (c). The bright image intensity of (b) is not ascribed to the volume plasmon of the area because the plasmon energy of the area is about 19 eV according to Fig. 4 . It is known that there are a number of excitation levels of hydrogen atom in SiC in this energy region, 11-14 eV, 14, 15) and hence it is considered that the bright contrast should correspond to hydrogen distributions, or direct imaging of hydrogen. Since the bulk plasmon peaks of the surface layer and the deep region are located at 21.0 eV and 19.3 eV respectively, the top layer more contributes to the image intensity in (c).
It is interesting to compare the energy-loss near edge structures (ELNES) of Si-L and C-K edges from H(D)-and He-blisters, as shown in Figs. 8(a) and (b) . The fine structures are almost the same for the Si-L ELNES, while the C-K ELNES of H(D)-blister is blunter, compared to that of Heblister, particularly in the region around 310 eV. This suggests that the local atomic configuration around carbon atoms in H(D)-blister has lower symmetry than that in Heblister or some electronic state chemically different from Heblister is formed, which should be an effect of hydrogen.
He-blisters
XTEM images of SiC He þ -irradiated by 1.0 and 2:0 Â 10 22 cm À2 are respectively shown in Figs. 9(a) and (b). In SiC the critical fluence necessary for He-blistering is a half of that for H(D)-blistering, as already discussed in the previous paper. 8) He-bubbles are distributed over the wide range, from top surface region to the end of range, their size distribution corresponding to the depth distribution of implanted gas atoms. The internal structure in the present Fig. 2(a) , and amorphous He-blister wall. Each spectrum is subsequently shifted vertically for comparison. observation is very similar to the case of He-implanted Si [4] [5] [6] and hence the blistering mechanism is considered to be similar: implanted He atoms form bubbles and these bubbles grow and coalesce at the high density regions, the internal pressure of which lifts up the surface layer to form blisters. Note that the width of the end-of-range defects distribution is much smaller than that for Si, 16) as highlighted at the left bottom portion of Fig. 9(b) . This is simply ascribed to the fact that the end-of-rage defect band is effectively transformed to amorphous structure because of the high susceptibility of SiC for irradiation-induced-amorphization. 17) 4. Discussion 
According to Ref. 18) , the free energy changes, ÁG for the reaction (1) and (2) at 300 K are approximately À5 and 7 kcal/mole H 2 (À0:23 and 0.33 eV respectively) respectively. It follows that C-H bonds are more energetically favorable than Si-H bonds at room temperature. It is hence considered that hydrogen is preferably bonded to carbon, and distorts the local structure around carbon atoms, consistent with the ELNES features in Fig. 8 . The gas bubbles precipitated by the electron irradiation are mainly derived from H 2 production by the decomposition of less stable Si-H by the slight temperature increase. Now we can estimate the density of hydrogen atoms in the bright contrast area in Fig. 7(a) . The average density of hydrogen atoms ranging between 80-300 nm in depth from the surface was calculated from Fig. 1(b) Figure 3 suggests that bubbles start to be nucleated at the fluence between 1 and 2 Â 10 22 m À2 , which corresponds to hydrogen saturation in SiC, where the chemical composition is SiCH x with x ¼ 1{2. Such a high density of H(D) atoms in the matrix effectively terminates the broken bonds, which should increase the degree of local structural freedom of the tetrahedrally coordinated atom clusters (CSi 4 or SiC 4 ) in the SiC matrix. Above this hydrogen density hydrogen molecules would be precipitated and the reaction (2) could proceed to the right hand side. Thus CH 4 gas molecules could also contribute to the bubble formation, though it was not possible to confirm whether the internal gas molecules are H 2 or CH 4 . In the present case the surrounding matrix is amorphous and thus has an isotropic elastic property. Hence the shape of bubbles is spherical at their nucleation, as observed in Fig. 3(b) , consistent with the prediction by the theory of micromechanics. 19) This is likely the mechanism of the large plastic deformation for the blistering, which is the subject of the forthcoming paper. 16) 
Conclusions
Cross sectional structures of H þ , D þ and He þ irradiated SiC were observed with TEM. The substructure of H þ -and D þ -irradiated samples exhibited similar features. The blister skin structure is amorphous, as reveled in the previous GIEM observation. The implanted hydrogen atoms are resolved in the matrix in atomic form, forming chemical bonds preferentially with C-atoms, revealed by EELS and energy-filtered TEM images. The results suggest that when the hydrogen density reaches its critical value or saturation concentration, bubbles starts to be nucleated. The first nucleated bubbles grow by further irradiation, absorbing gas molecules in the form of H 2 and CH 4 , followed by the blistering by the developing internal gas pressure. This is quite different from the blistering process in H þ (D þ )-irradiated Si. Thus blistering mechanisms by hydrogen isotope irradiation can thus vary with target material properties and chemical reactivity between the constituent atoms of the target and hydrogen.
On the other hand, He þ -irradiated sample showed substructure commonly seen in most materials irradiated with inert gas ions. The blistering proceeds by accumulation of gas atoms, followed by bubble formation, growth and their coalescence.
